Changes in the turnover frequency (TOF) of RuĲOH) x /γ-Al 2 O 3 during aerobic oxidation of benzyl alcohol in a plug flow differential reactor were monitored online using an inline FTIR instrument over extended periods of time (up to 72 h). A new equation for catalyst deactivation is derived, to account for the different lengths of time the catalyst is exposed to the reactants (benzyl alcohol and O 2 ). Catalyst activity and stability are dependent on the amount of O 2 in the system; catalyst deactivation can be attributed to two simultaneous processes: a fast and reversible inhibition by the benzoic acid side product and a slower and irreversible loss of catalytic sites due to reduction of Ru. At steady state, the reaction rate is zero-order in benzyl alcohol and partial positive order in O 2 . Finally, the suitability of a packed-bed (integral) reactor for the reaction is discussed.
Introduction
In recent years, catalytic aerobic oxidation reactions in the liquid phase have become an important topic in catalysis research, driven by the need for reaction technologies that can be employed for biomass conversion, 1 and for more sustainable processes for the fine chemicals and pharmaceutical industries. 2, 3 In terms of process safety and control, it is widely acknowledged that aerobic oxidation reactions are best implemented in continuous flow using heterogeneous catalysts. 4 Conversion of alcohols to their corresponding carbonyl compounds (aldehydes or ketones) is an important functional group transformation in organic chemistry. This can be achieved most atom-efficiently by the catalytic dehydrogenation of an alcohol to generate an equivalent of H 2 (Scheme 1, eqn (1)), which is an endothermic process. Alternatively, O 2 can be added to provide the thermodynamic driving force for the reaction to proceed exothermally without compromising its 'green' credentials, as only water is generated as a byproduct (Scheme 1, eqn (2)). Currently, the oxidative dehydrogenation of alcohols is used industrially for the production of formaldehyde and acetaldehyde, as well as fragrance aldehydes from C 5 -C 14 aliphatic alcohols; all these were performed in the gas phase over heterogeneous catalysts. 5 Pt, Pd, Au and Ru are frequently reported to have very good catalytic activity and selectivity for the aerobic oxidation of alcohols to aldehydes and ketones in an organic solvent, 6 although none of these have yet been implemented on an industrial scale. In a flow regime, the longevity of a catalyst is a major determinant of its economic viability, therefore it is important to understand how catalyst activity (TOF) is affected by reaction parameters, including temperature and pressure, as well as how it may be affected by the length of time the catalyst is exposed to the reactants. Interestingly, O 2 has been simultaneously reported to have both positive and negative effects on the catalyst activity; while the catalytic activity of Pd catalysts has been directly correlated to the number of oxidized PdO sites, 7, 8 Pt-and Au-based catalysts are known to deactivate as a result of over-oxidation of the metal. [9] [10] [11] In contrast, the role of O 2 in Ru-catalysed aerobic reactions is largely unknown and a subject of some considerable debate. RuĲOH) x /γ-Al 2 O 3 was first reported by Yamaguchi and Mizuno 12, 13 to be an active catalyst for the selective oxidation of a wide range of alcohols to aldehydes and ketones. In these reports, reactions were performed in a batch reactor, with azeotropic removal of water and under an O 2 flow. Under these conditions, the reaction rate was found to be insensitive to O 2 pressure (between 0.5-3.5 bar). Subsequently, we have shown that RuĲOH) x /γ-Al 2 O 3 can be employed in a packed bed. 14 In this system, a solution of the alcohol was pre-saturated with O 2 prior to introduction to the catalyst bed, and the differential reactor was operated in a continuous recycle mode (semi-batch). Under these conditions, the reaction is accelerated by an increase in the O 2 pressure/ concentration, contradicting the result in the earlier report.
On the other hand, the stability of the catalyst was first investigated on a continuous flow platform by Bavykin et al., using a multichannel microreactor with staged injection of O 2 . 15 In this work, the oxidation of benzyl alcohol was used as a model reaction to investigate the deactivation of RuĲOH) x /γ-Al 2 O 3 . Operating under a kinetic regime, the reaction was reported to be zero-order in O 2 , and catalyst deactivation was reported to follow a single exponential decay:
where TOF 0 = initial turnover and k = rate of deactivation. Note that the simple expression does not take into account the concentrations of the reactants. 16 More recently, the stability of a RuĲOH) x /γ-Al 2 O 3 catalyst was reassessed by Mannel et al. using a packed bed reactor over an extended period of time (72 h). 17 In this system, the oxidation of benzyl alcohol was performed under a slug flow regime using 8% O 2 in N 2 (below the limiting O 2 concentration of the solvent). Under these (oxygen-lean) conditions, catalyst deactivation was neither linear nor first order. The authors reported 'a rapid decrease in activity during the first 50 turnovers, but the activity stabilizes substantially beyond this point', and the reaction rate (k eff ) was correlated with the quantity of benzyl alcohol that was exposed to the catalyst (ρ), which was fitted empirically to an extended exponential equation:
where k 0 = initial rate, β = deactivation constant, ρ = mol alcohol mol Ru
, and n = an unspecified constant
In these forms, catalyst deactivation (β) can be correlated to the contact time between the catalyst and benzyl alcohol (ρ). However, there is uncertainty to the meaning of the power value (n = 0.156), which cannot be correlated to any reaction parameter. Moreover, the effect of O 2 is not accounted for using this model.
It is entirely possible that O 2 can have important effects on both the intrinsic kinetics of the catalytic reaction (reaction order) and the deactivation pathwayĲs). In order to understand the different roles of O 2 , we initiated a study to correlate the catalyst activity and stability of RuĲOH) x /γ-Al 2 O 3 to the molar flow of both of the reactants (benzyl alcohol and O 2 ) under different temperatures and pressures. The result of the study revealed that O 2 does have a rather complex role: while an increased O 2 pressure accelerates the reaction rate and prevents the loss of active sites (via Ru reduction), it also simultaneously generates benzoic acid that pacifies the active catalyst sites.
Experimental
Materials 5 wt% RuĲOH) x /γ-Al 2 O 3 (4.84 wt% in Ru) was purchased from Alfa Aesar and sieved (150-250 μm) prior to use. Where required, catalysts were diluted with SiC (Alfa Aesar) which was sieved (250-425 μm), washed with water and ethanol, and dried prior to use. Benzyl alcohol (Sigma-Aldrich) was distilled from sodium borohydride prior to use. All solutions were prepared under nitrogen using dry tert-amyl alcohol (Sigma-Aldrich) and stored in the reagent reservoir under a drying tube (CaSO 4 ).
Methods
Cartridges were packed with catalyst under suction to promote efficient packing. A typical cartridge contains 300 mg of RuĲOH) x /γ-Al 2 O 3 or 1.4 g of SiC. Accurate values were recorded for each experiment. The internal voidage of the catalyst bed was calculated by the difference in mass between a packed cartridge when dry and when filled with solvent and the density of the solvent.
All reactions were performed using a commercial XCube™ reactor, which we have previously employed in the aerobic oxidation of alcohols. 14 The catalyst was loaded into cylindrical cartridges (4 mm × 70 mm) and mounted into the system, which allows control of reactor temperature, pressure, and volumetric flow rates via two piston pumps and saturation of the reactant solution with O 2 at ambient temperature via a gas mixer. Gas is added to maintain a 19 : 1 liquidto-bubble ratio in the flow prior to the catalyst cartridge. The dissolved O 2 concentration can be controlled by changing the operating pressure of the system (electronic back pressure regulator). Oxygen concentrations for each set of conditions were predicted using the CAPE-OPEN Flowsheet Environment with a Peng-Robinson model.
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In a typical experiment, tert-amyl alcohol (t-AmOH) and oxygen were passed through a packed catalyst cartridge at the required temperature and pressure at 1 mL min −1 for 30 minutes before the flow rate was adjusted to that required for the experiment and the system was allowed to stabilise for a further 5 minutes. The inlet stream was switched to a solution of benzyl alcohol (100 mM in dry t-AmOH) (time = 0) and the fraction collector started simultaneously. A Mettler-Toledo FlowIR™ instrument, equipped with a diamond window, was employed at the outlet of the reactor to monitor the outlet stream. Spectra were recorded between 4000 cm −1 and 650 cm −1 with a resolution of 8 cm −1 over 30 seconds. Post-reaction analysis of the spectra was performed on the second derivative of the spectrum. Peak area was measured between the local minima of the 2nd derivative either side of the peak at 830 cm −1 and to a baseline drawn between the same points. A Pharmacia Biotech RediFrac fraction collector equipped with a drop detector was employed after the FlowIR™ to collect samples for analysis by gas chromatography. Samples were collected by setting the sampling time for each fraction, ensuring that a minimum of 0.5 mL was collected. At least three samples were collected at each time point.
Conversion of benzyl alcohol was monitored using an HP6890 gas chromatography system fitted with an HP5 column (30 m × 0.320 mm × 0.25 μm). Samples were diluted with methanol containing a standard (4-tert-butylphenol, 30 mM) and the conversion and selectivity were determined using a calibration plot for products and reactants against known standards.
Catalyst activity is presented as Turnover Frequency (TOF) and is plotted against time (min or h). The reaction parameters were carefully adjusted so that the system operated below complete conversion for each single pass. Turnover frequency (TOF) is calculated using the formula:
where τ = residence time (voidage of catalyst bed/flow rate).
Data fitting was performed using Origin 2015 19 using a Levenberg-Marquardt iteration algorithm. The deactivation models used incorporate a term for the stoichiometric flow rate (moles of substrate per mole of metal per hour), ϕ, thus allowing different flow rates and loadings of catalyst to be compared.
Results and discussion
Toluene has been frequently employed as a solvent in the aerobic oxidation of benzyl alcohol in earlier studies. 14, 15, 17 However, it is a poor choice for kinetic and mechanistic studies as it can oxidise to benzyl alcohol, or be formed as a byproduct from the disproportionation of benzyl alcohol (to benzaldehyde and toluene). 20, 21 With this in mind, it was decided that a tertiary alcohol be employed as an alternative solvent to allow a good material balance. Equation of state calculations (Peng-Robinson model) revealed that the expected oxygen concentration in tert-amyl alcohol is comparable to that in toluene across our operating range (Table S1 , ESI †). The limiting oxygen concentration (LOC) for combustion is similar to that of toluene at elevated pressures, providing it with similar safety characteristics in these reactions. 22 Furthermore, tert-amyl alcohol is a good solvent for organic compounds and remains as a liquid over a wide range of temperatures and pressures, making it particularly suitable for use in a flow reactor (Scheme 2).
Catalyst deactivation
The studies were conducted using a commercial (X-Cube™) flow reactor under plug flow conditions. 14 The oxidation was initially performed using a full catalyst cartridge of 5 wt% RuĲOH) x /γ-Al 2 O 3 (containing 125 μmol Ru) at three temperatures (120, 150 and 180°C), to determine if its deactivation profile exhibits temperature dependence. In order to negate the effect of the different O 2 solubility at different temperatures, a large excess of dissolved O 2 (≥7 equiv.) was applied by pre-saturating the mobile phase under 25 bar of O 2 , prior to exposure to the catalyst packed bed, i.e. the system is operated as an integral reactor. The catalytic activity (TOF) and selectivity (benzaldehyde vs. benzoic acid) were assessed by monitoring the output of the system over the first 3 hours of exposure to a solution of benzyl alcohol in tert-amyl alcohol ( Fig. 1 ). At 120°C, catalyst deactivation was rapid: TOF decreased from 13.1 h −1 to 5.7 h −1 (Fig. 1A) . Formation of benzoic acid was not observed under these conditions. By raising the temperature to 150°C, complete single-pass conversion of the alcohol was obtained, but slowly decreasing to 95% over the period of observation. Concomitantly, a small amount of benzoic acid (ca. 0.4%) can be detected in the output throughout the experiment (Fig. 1B) . Finally, at 180°C, complete conversion of benzyl alcohol can be maintained over 3 hours. However, the reaction also becomes less selective, producing up to 4.5% benzoic acid (Fig. 1C) .
The reduction in rate of deactivation with elevated temperature is indicative of the passivation of the catalytic sites by adsorbates. A more in-depth study requires online monitoring of the TOF over extended reaction times. This was achieved by using an IR detector fitted with a flow cell (FlowIR™), attached to the outlet of the reactor for continuous measurement of the reaction stream. The concentration of benzaldehyde (PhCHO) in the reaction stream was determined by using the area under a diagnostic peak (at 830 cm −1 ) in the second derivative of the spectrum. Selected samples collected over the period of the experiment were also subjected to GC analysis for secondary verification. For extended studies, the catalyst was diluted by dispersing in silicon carbide which is chemically inert in the reaction, has high thermal conductivity and whose low porosity ensures a small pressure drop across the cartridge. Reducing the amount of catalyst (approx. 18 times) allowed the deactivation profile to be observed, even at the highest temperature (180°C). Under these conditions, the initially high activity of the catalyst (TOF: 380 h −1 ) rapidly reduces (ca. 220 h −1 after 3 h) and approaches a quasi-steady state (TOF SS = 170 h −1 ) towards the end of the experiment ( Fig. 2A) . What is clearly apparent is that the deactivation profile does not follow a simple, single exponential decay (eqn (1)), nor can our data be fitted satisfactorily to the extended exponential equation put forward by Mannel et al. (eqn (3)), without relaxing the constraint of initial TOF 0 (Fig. S1 , ESI †). 
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Working on the hypothesis that there is more than one deactivation pathway operating in our system, we were able to fit the data to a double first-order decay exponential equation (eqn (4)):
where This appears to produce an excellent fit to the experimental data. However, it cannot distinguish the individual effects imposed by each reactant, which were introduced to the catalyst bed sequentially in these experiments. To account for this, eqn (4) can be rewritten as eqn (5), to allow for the different molar flows of benzyl alcohol and O 2 , with the introduction of an additional time constant (τ) to account for the amount of time the catalyst is exposed to the aerated solvent solution, prior to the introduction of a step change in benzyl alcohol:
where (note: ϕ × t = ρ in the previous equations), α = deactivation rate constant due to benzoic acid poisoning (directly related to the amount of benzyl alcohol), β = deactivation rate constant due to changes in the catalyst's redox state, and τ = delay between the introduction of O 2 and benzyl alcohol to the catalyst. Thus, the overall process can be described as a composite of three underlying processes. Eqn (5) can be fitted to the experimental data to yield information on each of these pathways (Fig. 2B) : a fast deactivation, associated with the increased formation of benzoic acid, due to over-oxidation of benzyl alcohol to which the catalyst has been exposed (Fig. 2B , blue exponential curve, α = 3.24 × 10 −3 ). This process 
is approximately 33 times faster than a simultaneous deactivation associated with O 2 (Fig. 2B , red exponential curve, β = 9.95 × 10
−5
). The system eventually converges upon a final quasisteady state of 165 h −1 (Fig. 2B , green line, TOF SS ). Clearly, TOF ss may be affected by other, slower, deactivation processes, but this will require extending the study beyond the current experimental timescale (72 hours) for these to be detected and quantified. In eqn (5), TOF d directly correlates to, and reflects, the number of catalytic sites that are subjected to the two deactivation processes, and we assume that benzoic acid and O 2 compete for and deactivate the same catalyst sites. Alternatively, eqn (5) can also be expanded further to eqn (6):
TOF t = TOF a e −αϕat + TOF b e −βϕb(t+τ) + TOF SS (6) where TOF a = sites prone to deactivation by benzoic acid and TOF b = sites prone to redox changes. This will allow for each deactivation process to be assessed separately, for it is known that certain catalytic sites/surfaces can be more susceptible to certain deactivation processes. Fitting of eqn (6) to our experimental data does reveal a marginal improvement in terms of fitting error compared to eqn (5) (Fig. S3, ESI †) . However, the addition of another parameter is not judged to be warranted at this stage of the work, as we are not sufficiently confident to interpret our data according to a separate site model.
In order to evaluate the parameters in eqn (5), two further experiments were conducted at a different pressure (10 bar) and temperature (120°C), and the results are summarised in Table 1 23 This is attributed to the fact that the catalyst bed is exposed to O 2 prior to the introduction of the alcohol, i.e. benzyl alcohol is introduced into a catalyst bed that is pre-saturated with O 2 at the beginning of the experiment. This can lead to the rapid formation of benzoic acid that can poison the active sites. At lower O 2 pressure, this over-oxidation of alcohol to benzoic acid is reduced, which is reflected in a higher observed TOF 0 . At the same temperature (180°C), the values of α are similar at different pressures, indicating that catalyst poisoning by benzoic acid is independent of [O 2 ]. In contrast, β increases by over an order of magnitude at lower pressure, suggesting the reduction of Ru as the secondary deactivation pathway. Overall, the same observed TOF d was observed at 180°C, indicating that the deactivation by benzoic acid is the dominant process at high temperatures.
As expected, lowering the reaction temperature to 120°C leads to reduced productivity (TOF 0 = 23.3 h −1 ). Under these conditions, α increases as the desorption of benzoic acid from the active site becomes less favourable. Under these conditions, the second deactivation process becomes even more rapid, to the extent that β becomes competitive with α. More significantly, larger β values at lower temperatures and pressures are reflective of a process whereby active sites are lost due to insufficient catalyst regeneration by O 2 . This would suggest that the active catalyst involves Ru in a higher oxidation state, previously proposed as RuO 2 or RuĲOH) 3 ĲOH 2 ) 3 . [24] [25] [26] Having identified the two major deactivation pathways, the nature of these processes was further interrogated in situ, by introducing step changes to the reactant feed over the course of an extended experiment. In earlier papers, benzoic acid (an over-oxidation product) has been implicated as a source of catalyst poisoning, 12, 15 which is supported by the direct observation of benzoic acid in the spent catalyst, and a brief recovery of catalyst activity after rinsing of the catalyst with a basic solution (pH = 12). In this study, the catalytic system was operated at 180°C under 25 bar of O 2 over 24 h, when the TOF decreased from 300 to 114 h −1
. The benzyl alcohol feed was then replaced by the solvent (Fig. 3, perturbation A) , and the catalyst system was subjected to solvent rinsing for 3 hours while the O 2 delivery was maintained. Upon the reintroduction of the benzyl alcohol (perturbation B), a recovery of the TOF was ) to the level of activity prior to perturbation A, in accordance with previous suggestions that the active site is inhibited by the adsorption of the benzoic acid side product. Furthermore, the underlying slow deactivation process is unaffected by these perturbations, i.e. the loss of catalyst sites by the redox process appears to be irreversible under these conditions. The reversibility of the benzoic acid inhibition is confirmed by switching the reactant feed for a solution containing 5 mM benzoic acid and 95 mM benzyl alcohol in tert-amyl alcohol (perturbation C). As expected, this resulted in a nearly instantaneous drop in TOF. After 21 h, the undoped reactant feed was reinstated, whereupon the TOF immediately returned to its prior level. This shows that the acid poisoning of the active site is a fast and reversible process.
A similar approach was adopted to study the effect of O 2 concentration and pressure (Fig. 4) . After allowing the catalytic system to establish a quasi-steady state turnover at 180°C un- . This supports our earlier observations that the reaction has a partial positive order in O 2 while it operates in a plug flow reactor.
14 This contradicts the result of earlier studies by
Yamaguchi et al., where the reaction was reported to be zero order in O 2 . However, it is noted that the experiments were conducted using a batch reactor, over a small pressure range of 0. 
Reaction order in benzyl alcohol
These observations prompted us to re-examine the reaction order of benzyl alcohol in the quasi-steady state regime, i.e. where catalyst deactivation is no longer a significant process. Under these conditions, the single-pass conversion of benzyl alcohol was obtained at different flow rates, which afforded a zero-order rate plot (Fig. 5 , R 2 = 0.991) with a k obs of 0.94 mM s −1 . The analysis was subsequently repeated at 10 bar and the reaction remained zero order in BnOH (Fig. S6, ESI †) , confirming that the observed rate is not subject to mass transfer limitations. This would imply that the first-order dependence observed by previous studies 12, 14 is most likely the result of (poor) transport of the reactant to the active site. Also, catalyst deactivation was not explicitly taken into account (during which time the number of active catalyst sites decreased rapidly). The experiment was repeated at different temperatures at 10 bar (120-180°C), to yield an Arrhenius plot (Fig. S7 , ESI †), giving an apparent activation energy of 94.9 kJ mol −1 for the oxidation of benzyl alcohol to benzaldehyde in t-AmOH. This value is broadly in agreement with that previously reported, recorded in toluene (78.2 kJ mol −1 ).
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Overall mechanism and rate equation
The catalytic process is generally believed to involve 4 distinctive steps (Scheme 3): the active catalyst is a ruthenium hydroxide species that can undergo metathesis with an alcohol (step A) to form a surface alkoxide species. β-Hydride elimination ensues (step B) to generate a surface hydride and an adsorbed benzaldehyde, which is released in the next step. The insertion of O 2 into the Ru-H forms an unstable peroxide (step C) that eliminates an oxygen atom to regenerate the active site (step D). The revised kinetic orders (zero order in benzyl alcohol and partial positive order in O 2 ) allowed us to identify step C as turnover-limiting during steady-state operation of the catalyst. The results of the present study allow us to interpolate deactivation pathways to the catalytic cycle (indicated in red in Scheme 3), where a 'Janus' effect of O 2 is 
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highlighted: while the presence of excess O 2 is beneficial for turnover and prevents irreversible loss of active catalyst sites, too much of the gaseous reactant can cause over-oxidation of the product to benzoic acid, which can inhibit catalyst activity by reversible binding. In a previous publication, 14 we have shown the kinetics of the catalytic reaction operating via a Mars-van Krevelen-type mechanism, which can be described by two main processes as shown in eqn (6) and (7), from which the rate equation (eqn (8)) can be derived:
where A = k 1 K 2 ĳcat] tot and [cat] tot = total catalytic sites. As the catalyst regeneration step is rate-limiting, k 2 is small, so K 2 ≪ 1; therefore, eqn (9) can be simplified into eqn (10):
In this system, the relative number of catalyst sites is much smaller than the amount of benzyl alcohol present ([cat] tot ≪ [Ph 2 CH 2 OH]). Hence, the observed order in benzyl alcohol becomes effectively zero. Under these conditions, a partial positive order in O 2 becomes evident, particularly at high concentrations of benzyl alcohol at lower pressures. As [O 2 ] increases, the reaction rate will eventually approach zero-order dependency, as observed by Bavykin et al. at high pressures. 15 
Conclusions
During the oxidation of benzyl alcohol to benzaldehyde, the RuĲOH) x /γ-Al 2 O 3 catalyst deactivates through two parallel mechanisms: a fast process due to adsorption of benzoic acid and a slower process caused by loss of active sites, due to insufficient regeneration of the catalyst by O 2 . New equations (eqn (5) and (6)) incorporating two deactivation constants α (for inhibition by PhCO 2 H) and β (loss of active sites by reduction), as well as different molar flow rates of the reactants, have been derived, which allow for each of these processes to be interrogated independently in a plug-flow reactor. These equations can be applied to the study of other aerobic oxidation catalysts operating under continuous flow in different reactor configurations, thus allowing direct comparisons to be made between catalyst performance. Potentially, further correlations can be made to specific catalyst surfaces (by using eqn (6)). By operating in the quasi-steady state regime of the integral plug-flow reactor, we have found the reaction to be zero order in benzyl alcohol and a partial positive order in O 2 , thus identifying the catalyst regeneration step to be rate-limiting.
Our study highlights the importance of on-line deactivation studies as a pre-requisite for the proper investigation of kinetics, which can only be achieved in a flow reactor. We have demonstrated, in this case, that fast deactivation processes may interfere with the correct determination of reaction order, if they are not properly accounted for. With a zero order in benzyl alcohol (at quasi-steady state), our system allows us to determine the intrinsic catalytic activity of RuĲOH) x /γ-Al 2 O 3 that is independent of pre-equilibria, deactivation and transport processes.
Last but not least, the results from this study call into question the suitability of plug flow reactors for aerobic oxidation reactions. Given that O 2 exerts opposing effects on the deactivation processes, the existence of an O 2 concentration gradient causes different degrees of deactivation along the length of the reactor (Fig. 6) , which may be exacerbated by a View Article Online high single-pass conversion (integral reactor) and a relatively low concentration of O 2 . Over time, this will cause speciation of the catalyst species along the packed bed that could compromise both the activity and selectivity of the system. This may be overcome by controlling the exposure of the catalyst to O 2 , for example, by reversing the flow of the reactant periodically, or by using a membrane reactor to implement an even distribution of O 2 along the catalyst bed, such as a tubein-tube reactor reported recently by Gavriilidis and coworkers. 29 
